Edited by E. Peter Geiduschek, University of California, San Diego, La Jolla, CA, and approved October 15, 2013 (received for review August 1, 2013) Bacteriophage T7 encodes an essential inhibitor of the Escherichia coli host RNA polymerase (RNAP), the product of gene 2 (Gp2). We determined a series of X-ray crystal structures of E. coli RNAP holoenzyme with or without Gp2. The results define the structure and location of the RNAP σ 70 subunit domain 1.1 (σ 70 1:1 ) inside the RNAP active site channel, where it must be displaced by the DNA upon formation of the open promoter complex. The structures and associated data, combined with previous results, allow for a complete delineation of the mechanism for Gp2 inhibition of E. coli RNAP. In the primary inhibition mechanism, Gp2 forms a proteinprotein interaction with σ bacteriophage T7 Gp2 | X-ray crystallography | transcription A fter infection of Escherichia coli by bacteriophage T7 (1), the first T7 genomic DNA to enter the bacterial cell contains four strong, early promoters transcribed by the host RNA polymerase (RNAP) σ
-holoenzyme (E-σ 70
). An early transcription product is T7 gene 1, coding for the single-subunit T7 RNAP that transcribes the middle and late phage genes. There appears to be no function for E. coli RNAP in middle and late infection, and indeed T7 encodes an essential inhibitor of E. coli RNAP, the 7.2-kDa product of gene 2 (Gp2). The essential role of Gp2 in T7 infection is to prevent unregulated transcription of the phage genome by the host RNAP in late stages of infection, which interferes with transcription of the phage genome by the speedier T7 RNAP (2) . The requirement to shut off E. coli RNAP transcription is stringent. Gp2 is accordingly a potent inhibitor of E-σ 70 transcription initiation (3, 4) . Gp2 binds to E-σ 70 with sub-nanomolar K d (5) . The major binding determinant for Gp2 on the RNAP is the β′-jaw domain ( Fig. 1) (4, 5) . NMR structures of Gp2 and a Gp2-β′-jaw subcomplex, as well as molecular models of the Gp2-E-σ 70 complex, indicate that Gp2 occupies a part of the RNAP downstream duplex DNA channel (5-7). Gp2 blocks the formation of the open promoter complex (RPo), but preformed RPo and RNAP elongation complexes (where the downstream duplex DNA already occupies the channel) are resistant to Gp2 (4, 6), suggesting a straightforward mechanism whereby Gp2 binding or downstream duplex DNA binding in the RNAP downstream channel are mutually exclusive. However, this mechanism does not explain observations that RNAP harboring an N-terminal truncation of domain 1.1 of σ 70 (Δ1.1σ 70 ; Fig. 1A ) is very inefficiently inhibited by Gp2 (5, 7), indicating a more complex inhibition mechanism for Gp2.
Group I (primary) σs, such as E. coli σ 70 , are autoregulated by N-terminal σ 1.1 (Fig. 1A) , which serves to prevent σ 70 interactions with promoter DNA in the absence of RNAP (8) (9) (10) . σ 1.1 also plays a role in the formation of RPo (11, 12 
Results and Discussion
We determined a series of structures of E. coli RNAP holoenzyme (the target of Gp2) with and without bound Gp2. A total of four independent structures were refined [E-Δ1.1σ 70 , 3.6-Å resolution; E-SelenoMethionine(SeMet)σ 70 , 3.9-Å resolution; Gp2-E-Δ1.1σ 70 , 3.9-Å resolution; and Gp2-E-σ 70 , 3.8-Å resolution], and diffraction datasets from an additional crystal were also analyzed (Gp2-E-SeMetσ 70 , 6.5-Å resolution). The highest resolution data were used for the refinement of E-Δ1.1σ 70 (R/ R free 0.246/0.288; rmsd bonds/angles 0.005 Å/1.187°; Ramachandran allowed/outliers 91.6%/0.7%). This model was then used as the starting point for refinement of the other models to equal or better parameters (Table S1 and Fig. S1 ).
Significance
After infection of Escherichia coli by bacteriophage T7, the host RNA polymerase (RNAP) produces early phage transcription products that encode the phages own RNAP (that transcribes subsequent phage genes) as well as Gp2, an essential inhibitor of the host RNAP. X-ray crystal structures of E. coli RNAP define the structure and location of the RNAP σ 70 subunit domain 1.1 (σ 1.1 70 ) inside the RNAP active site channel, where it must be displaced by the DNA upon formation of the transcription complex. Gp2 binds inside the RNAP active site channel and also interacts with σ 1.1 70 , preventing σ 1.1 70 from exiting the RNAP active site channel. Gp2 thus misappropriates a domain of the RNAP, σ 1.1 70 , to inhibit the function of the enzyme. Fig. S2 A and B) , the electron density lacked features for most side chains, consistent with the dynamic nature of σ 70 1:1 during transcription initiation (13) . σ 70 1:1 was modeled primarily as a poly-Ala backbone but with selected side chains as the density features allowed (i.e., side chains that, for the most part, interact with the RNAP). The sequence register was confirmed with the aid of the NMR structure of the structurally homologous Thermatoga maritima σ Fig. S2 and Table S2 ). Although the overall fold of much of our σ 70 1:1 model is roughly consistent with a recently published structure of E-σ 70 (PDB ID code 4IGC) (15), the folds deviate after the first methionine at position 47; the positions of methionines 51 and 56 in 4IGC are not consistent with anomalous Fourier peaks attributed to methionines 51 and 56 in our structure (Fig. S2 A and B) . σ 70 1:1 comprises a core folded domain (residues 1-56) of three α-helices with similar topology to Tma σ A 1:1 ( Fig. 1 and Fig. S2 ) (10) . σ 2) (16, 17) by a 37-residue linker (residues 57-93) predicted to be mostly unstructured but with a weakly predicted α-helix (residues 74-80; Fig. S3 ) (18) . The electron density maps contain difference density that is not accounted for by the σ 70 1:1 core (Fig. S2A) , including an α-helical segment that we attribute to the linker helix (18) . We could not confidently assign the sequence register of the linker segment, but based on correspondence between the observed and predicted α-helix and the location of the α-helical density, we attribute the linker density to roughly residues 64-83. The linker segment wraps around the σ 70 1:1 core domain, with the linker helix interacting in the groove between α-helices 1 and 3 of the core domain to form a four-helix bundle (Fig. 1) .
The resulting globular structural unit formed by σ 70 1:1 and the linker sits directly in the path of the downstream duplex DNA in the RNAP active site channel, with its center of gravity ∼45 Å from the RNAP active site Mg 2+ ion, corresponding to the location of base-pair +8, very close to the position (+9) proposed by FRET measurements (Fig. 1C) (13) . The σ 70 1:1 =linker structural unit contacts elements of both the β-pincer (β2 domain) and the β′-pincer from the inside of the RNAP active site channel (Fig. 1D) .
Structure of Gp2-RNAP Complexes. In all four crystallographically independent complexes from the Gp2-E-Δ1.1σ 70 and Gp2-E-σ 70 structures, the Gp2-RNAP contacts are essentially identical ( Fig.  2 and Fig. S4 ). As expected, Gp2 interacts primarily with the β′-jaw as well as with some residues linking the β′-jaw to the rest of the RNAP, burying an accessible surface area of about 2,100 Å 2 with β′. The Gp2-β′ interface includes five potential salt bridges (Gp2-β′: E28-R1149, D37-R1174, E44-K1170, R56-E1188, and R58-E1158; Fig. 2B ). The charged residues participating in these salt bridges are all well conserved among Gp2 homologs and their cognate RNAPs (Fig. S4) (19) . The Gp2-β′ R56-E1188 and R58-E1158 interactions are critical for Gp2 binding to, and inhibition of, RNAP (4, 6) .
Gp2 also contacts residues from the β2 domain of the β-pincer (Fig. 2 and Fig. S4 ). Thus, Gp2 bridges the β′-and β-pincers from inside the RNAP active site channel, explaining how the presence of Gp2 favors the closed clamp state of RNAP in solution (20) .
Gp2 binds to the β′-jaw and thereby occupies the downstream duplex DNA-binding channel of the RNAP (Fig. S5) , but Gp2 inhibits E-Δ1.1σ 70 only very inefficiently (5, 7). In the presence of Gp2, σ 70 1:1 in the RNAP active site channel must move to accommodate Gp2 due to a steric clash (Fig. 3A) . The Gp2-E-σ 70 structure reveals that σ 70 1:1 not only moves from its normal position in E-σ 70 (Fig. 1) , but reorients and forms a significant proteinprotein interface (buried surface area of ∼1,400 Å 2 ) with Gp2 that is primarily hydrophobic in nature (Figs. 2 and 3A and Fig. S4 ). The reorientation of the σ (Fig. S6 and Table S1 ). The σ without Gp2. In the presence of Gp2, the density maps for σ 70 1:1 were somewhat better, and more side chain information was included in the model, consistent with reduced mobility due to binding to Gp2.
Gp2 interacts with the same σ (Fig. 3B) . The linker helix and, in fact, the whole linker segment is thus entirely displaced from around the σ 70 1:1 structural core, is not accounted for by any electron density, and is presumed disordered.
Gp2 Cross-Linking and Surface Conservation. To confirm the Gp2-σ 70 1:1 protein-protein interaction, we site-specifically incorporated the nonnatural, UV-cross-linkable amino acid p-benzoyl-Lphenylalanine (BpA) (21) at position F27 of Gp2, a residue that lies near the edge of, and participates in, the σ 70 1:1 protein-protein interaction (Fig. 2B and Fig. S4 ) but is not highly conserved so is unlikely to be essential for the interaction (19 The Gp2's reason for being thus appears to be to anchor σ Figs. 2A and  3A) . Support for this supposition comes from mapping conserved residues on the surface of Gp2, which reveals two distinct patches of conserved surface. One patch matches the Gp2-β′-jaw interaction interface, whereas the other patch, on the opposite face of Gp2, matches the Gp2−σ 70 1:1 interaction interface (Fig. 4A) .
Conclusion
Our results, combined with available functional and genetic data (4-7), allow a complete delineation of the mechanism for Gp2 inhibition of E. coli E-σ 70 (Fig. 4B) . By binding to the β′-jaw inside the RNAP active site channel, Gp2 sterically (Fig. S5 ) and electrostatically (6, 7) interferes with the proper positioning of DNA in the RNAP downstream duplex DNA channel. However, in the absence of σ 70 1:1 , promoter DNA can effectively compete with Gp2, so Gp2 inhibition is compromised (5-7) . In the primary mechanism for inhibition, Gp2 forms a stable, specific protein-protein interaction with σ (Figs. 2 and 3) , preventing its normal egress from the RNAP active site channel (Fig. 4B) . In this way, Gp2 misappropriates (23) a domain of the RNAP holoenzyme, σ 
Materials and Methods
Full details of the methods used are presented in the SI Materials and Methods.
Expression and Purification of E. coli RNAP, σ 70 , Δ1.1σ
70
, and Gp2. E.coli ΔαC-Terminal Domain (CTD)-RNAP. For all of the structural experiments, we used E. coli core RNAP lacking the αCTD, prepared as described previously (24) . The purified protein was buffer exchanged into storage buffer [10 mM Tris, pH 8.0, 0.3 M NaCl, 0.1 mM EDTA, 15% (vol/vol) glycerol, 5 mM DTT] and concentrated to 10 mg/mL by centrifugal filtration (VivaScience), and stored at −80°C until use. E.coli σ 70 and Δ1.1σ
. Full-length and Δ1.1 E. coli σ 70 were both expressed from pET21a-based expression vectors encoding an N-terminal His 6 -tag followed by a PreScission protease (GE Healthcare) cleavage site. The proteins were expressed using standard methods and purified by Ni 2+ -affinity chromatography, protease cleavage to remove the His 6 -tag, anion exchange chromatography, and gel filtration chromatography. Purified σ 70 or Δ1.1σ 70 was concentrated to 10 mg/mL by centrifugal filtration (VivaScience) and stored at −80°C. SeMetσ 70 was produced by suppression of endogenous methionine biosynthesis (25) and purified as described for native σ 70 . Purified SeMetσ 70 was concentrated to 5 mg/mL and stored at −80°C. Gp2. T7 Gp2 was expressed and purified as described (4) . Purified T7 Gp2 (in TGED + 0.5 M NaCl) was concentrated to 10 mg/mL by centrifugal filtration (VivaScience) and stored at −80°C.
